A novel method of producing nanocrystalline Fe-Al coatings on carbon steel has been proposed. A vibrating apparatus generated mechanical vibration to a retort, which was loaded with Al powder, alumina filler, ammonium chloride activator and alloy balls. The operation temperature was from 440 to 600°C. By combining the effects of ball impact, deposition of Al powders, nucleation of Al-rich phases, plastic deformation and fast inter-diffusions, a nanocrystalline Fe-Al intermetallic coating was produced. The grain size was less than 20 nm. Microstructural observation suggested that the coatings appeared to be homogeneous, with a high density, free of porosity and excellent adherence to the substrate. The coatings consisted mainly of η-Fe2Al5 with small amounts of θ -FeAl3 and β -FeAl. This method provided a new approach to produce nanostructured alloy or alloy-ceramic composite coatings with great energy and timesavings.
Introduction
Nanocrystalline materials have been found to provide novel properties. Various synthesis techniques have been developed for producing bulk nanomaterials and nanocoatings, such as nonequilibrium thermodynamic treatment, 1,2 ball milling 3 and plastic deformation. [4] [5] [6] In most case, failures of material initiate from surface, and are sensitive to microstructure and properties of the surface. Therefore, much attention has been paid to develop nanocrystalline coatings on materials surface in recent years. For example, surface nanostructuring and nanocoatings were successfully obtained by nanoparticle deposition, 7, 8 nanocrystal coatings, 9,10 ultrasonic shot peening [11] [12] [13] and mechanical attrition treatment. 14, 15 It has been demonstrated that ultrafine grains would accelerate diffusion 9, 10, 16 and chemical reactions on surface. 17 It was reported 18 that the microstructure in the surface of a pure iron was refined to nanometer scale by means of a surface mechanical attrition that generated moderate plastic deformation in the surface layer. The subsequent iron nitriding kinetics was greatly enhanced. The nitriding temperature was reduced to 300°C. This enhanced processing method provided a new approach for selective surface reaction in solids. However, nanoparticles or nanograins are highly instable because of various types of nonequilibrium defects and high surface energy. It is difficulty to maintain the nanocrystalline structure at elevated temperatures. For example, the thickness of the nitriding coatings on iron at 460°C, after surface nanostructuring, was less than that at 300°C due to the apparent grain growth of the nanocrystalline α-Fe phase in surface layer. 18, 19 The disadvantages of nanocoatings, such as thin, porosity and instability at high temperature, limit the application of nanocoatings obtained by above methods.
In present work, we combined the diffusing coatings process and surface nanostructuring process by applied shot peening to pack-aluminizing processes. The surface nanostructuring and fast diffusing processes took place simultaneously, resulting in the formation of nanocoatings of Fe-Al intermetallic on carbon steel.
Experiments
A retort, loaded with carbon steel specimens, alloy balls and pack powder, was vibrated by a mechanical vibrator in a furnace. The pack aluminizing was carried out with repeated impact of balls.
Specimens used in the experiment were carbon steels (~0.21%C). The dimensions of the specimen were 1 × 13 × 13 mm. 3 The pack powder consisted of pure Al powders, Al 2 O 3 filler and activator (NH 4 Cl), which were mixed with alloy balls of 4 mm in diameter at a ball-to-powder weight ratio of 4/1 to 6/1. The retort was loaded to 2/3 volume with powder, balls and specimens. The retort was heated to 440-600°C, vibrated by a vibration generator with a frequency of 25 Hz for 15-120 min. Microstructure studies were carried by scanning electron microscope (SEM), energy dispersive X-ray spectroscopy (EDS) and transmission electron microscopy (TEM) methods. Figure 1 shows the cross-section of a coating on carbon steel after vibrating at 560°C for 60 min. The coating had a one-layer structure about 60 µm in thickness, with high density, free of porosity, homogeneous and had good adherence to the substrate. Figure 2 shows a TEM micrograph of the coating. From the images of the coating, one could see nanoscale grains which shape was roughly equiaxed. These nanograins possessed random crystallographic orientations, as indicated in the selected area diffraction patters (inset in Fig. 2(b) ). The average grain size in the coatings was approximately 20 nm in diameter, indicating that the structure was refined and the grain growth was hindered in the treating processes. The microhardness value of the coating slightly decreased in coating, from 733HV0.1 near surface to 658HV0.1 adjacent to interface, lower than the microhardness value of Al-rich phases (η-or θ-phase) around 1000HV0.1.
Results
The formation of nanostructure Fe-Al intermetallic compound coatings may be attributed to the simultaneous multi-reactions. During this modified pack-aluminizing process, the ball impact had a series of functions: (1) causing Al particles adhere to the substrate, forming an Al-rich layer on surface; (2) resulting in plastic deformation and grains refined on surface layer; (3) promoting the diffusing processes through fast diffusing paths such as various defects induced by plastic deformation and a larger amount of grain boundary; (4) subsequent ball impact making 1, 2 and 3 processes repeating. Fig. 1 . The cross-section of a coating on carbon steel after vibrating at 560°C for 60 min. In the present case, ball impact resulted in plastic deformation on surface layer of the substrate. Figure 3 shows the surface micrograph of a coating on carbon steel treated at 560°C for 60 min. Ball impact zones were apparently identified (arrows in Fig. 3(a) ). These zones showed a round shape dent in one shot with a diameter of ~40 µm. The particles in these zones were refined to about 200 nm scale (Figs. 3(c) and 3(d) ). The Al content in the ball impact zones was ~95 at.% measured by EDS.
Al and Fe diffusing would occur at lower temperature because of a large amount of structure defects and local high temperature induced by ball impact. The inward diffusion of Al was hindered by the coarse-grains of the substrate, while the outward diffusion of Fe was enhanced along the large amount of grain boundaries and various defects. It is well known that the formation of Fe-Al intermetallic compound was only be realized at high temperature by lattice diffusion. In conventional pack-aluminizing processes, temperature as high as ~1000°C was needed. It was reported 20 that over 100 h were needed when the Fe-Al phases started to nuclear at 500-600°C. In our experiments, the outward diffusing process were short distance diffusing processes at 560°C, and stopped immediately when Fe-Al intermetallic compound was formed. Therefore the grain size of Fe-Al intermetallic compound in outgrowth alloy layer was limited in a small size and remained stable at the temperature. The coating exhibited nanostructure. A θ -FeAl 3 phase layer was formed first according to thermodynamic condition. But θ-phase had an orthorhombic structure with 70% lattice sites along the c axis occupied by Al atoms and 30% vacant. These vacancies provided easy diffusion paths in the c direction, contributing to the rapid growth of η-Fe 2 Al 5 phase. The coatings contained mainly η-Fe 2 Al 5 , with a small amount of θ-FeAl 3 , which demonstrated by XRD results. Figure 3(b) shows the surface micrograph of outward growth alloy layer. Nodules of ~3 µm with ~70 at.% Al could apparently be observed in this zone, consistent with the Al content in η-Fe 2 Al 5 phase. The alloy layer appeared to have a fine microstructure, with Al-rich phases close to the surface.
The subsequent ball impact might cause a series of reactions, including breaking the Αl-rich layer and alloy layer on the surface, causing more homogeneous and denser microstructure. The grains were refined to micro-or nanolevels. The large amount of grain boundaries and defects provided fast atomic diffusion paths in the surface layer. At the same time, new Al layer was continuously produced by ball impact. The fast diffusion of Al and Fe atoms occurred at the interface between the alloy layer and the new Al-adherence layer. Another alloy layer were formed.
With this mechanism, a nanostructure alloy layer was obtained. The treating temperature and duration were significantly reduced by ball impact. Figure 4 shows the variation of nanocoating thickness with treatment temperature and treatment time at experimental condition. An 18 µm nanocoating of Fe-Al intermetallic compound could be produced at 440°C for 120 min treatment. The thickness of coatings was up to 104 µm at 600°C for 120 min treatment. The thickness of Fe-Al coatings was increased with the increase of temperature and treatment time.
Conclusions
A novel process has been developed to produce a nanostructure Fe-Al intermetallic compound coating on carbon steel substrate in Al-pack cementation assisted by ball peening. The grains in the coatings were equiaxed and less than 20 nm in size. The nanocoatings have been produced with this method at a much lower temperatures (440-600°C) with a much shorter treatment duration (15-120 min), compared with the conventional Al-pack cementation. The nanocoating was above 50 µm in thickness at 560°C when the treatment is longer than 30 min. The coatings were high density, free of porosity, homogeneous, good adherence to the substrate and contained mainly η-Fe 2 Al 5 , with a small amount of θ -FeAl 3 . This method provides a new approach that can be used in other diffusing coatings with significant energy and time savings. The detailed studies indicated that the ball impact produced a thin layer of Al onto the substrate surface, and the mechanical deformation caused by ball impact produced nanostructuring on surface, promoting diffusion of atoms and the formation of Fe-Al compounds.
